In isolated phloem segments of celery (Apium graveolns L.), a tissue highly specific for sucrose and mannitol uptake, glucose uptake occurs at very low rates and exhibits biphasic kinetics. Nonpenetrating inhibitors such as parachloromercuribenzene sulfonic acid did not inhibit glucose uptake. However, uptake was greatly inhibited by penetrating inhibitors such as N-ethylmaleimide and carbonylcyanide-m-chlorophenyl hydrazone. Carbonylcyanide-m-chlorophenyl hydrazone inhibition of uptake was reversed by washing and addition of thiol reagents to uptake solutions. Phlorizin, a competitive inhibitor of glucose caused moderate inhibition of uptake only after 3 hours of tissue exposure. Low pH, fusicoccin, and low turgor which enhance H+-sugar cotransport did not alter uptake rates. Furthermore, glucose did not induce alkalinization of the uptake media. Efflux analysis indicated that the presence of 50 millimolar unlabeled glucose in the wash media enhanced exchange of the labeled glucose across the tonoplast. Results indicate that the glucose carrier is not located at the plasmalemma but appears to be present at the membrane of an intracellular compartment, most likely the tonoplast. Carrier-mediated glucose transport in this tissue is proposed to be a facilitated diffusion.
Isolated phloem segments from celery are enriched systems of sieve element/companion cells and, therefore, have been used to study phloem loading of sucrose (3) . This tissue, however, contains other cells such as enlarged phloem parenchyma cells with thick walls called bundle cap (6) . Transport characteristics in this tissue were shown to be different for phloem translocated sugars (sucrose and mannitol) and nonphloem sugars such as glucose (3) . For example, sucrose and mannitol were transported via a single saturable phase, H+-sugar co-transport system. However, 3-OMG2 uptake resulted in biphasic kinetics consisting of a saturable (carrier-mediated) plus a linear component. Furthermore, hexose uptake occurred at relatively low rates (15-20% of sucrose uptake). Different transport rates and kinetics suggested that spatial and mechanistic differences between the hexose and sucrose transporters may exist in this tissue.
Since sieve element/companion cells are known to be highly specific for sucrose uptake (9), we assumed that glucose uptake was occurring in the only other cell type present, i. nature of glucose uptake in isolated phloem segments of celery.
Due to susceptibility ofglucose to metabolism, experiments were run with glucose and 3-OMG which is a nonmetabolized glucose analog (18) . Except for slightly higher rates of glucose than 3-OMG uptake (15- 20-20-20 Peters mix and Peters micronutrients once a week and were harvested when they were 4 to 6 months old. Celery has high calcium requirements; therefore, in addition to the regular fertilization schedule, plants were watered daily with a 0.25 M Ca(NO3)2 solution.
Tissue Preparation. Petioles of mature but photosynthetically active leaves were harvested and kept at 100% RH for 2 to 3 h prior to any experiments. Phloem strands were isolated as previously described (3, 4) . To equilibrate tissue, isolated strands were preincubated for 1 h in an aerated base medium adjusted to 300 mOsm with polyethylene glycol (PEG, 3350). In addition to osmoticum, the base medium contained 1 mM CaCl2, 2 mm KCI, 5 mM MgC92, 1 mm CaSO4, and 20 mm MES which was adjusted to pH 5.5 with Bis-tris propane. After preincubation, phloem strands were cut into 15 mm segments, pooled, and transferred to the incubation solution.
Sugar Uptake. Five segments (30 mg fresh weight) were incubated for 1 h (uptake rates were linear for 90 min) in 1 ml incubation solution which was identical to the preincubation medium except that it contained various concentrations of labeled sugars at specific radioactivity of 9.2 KBq ml-'. All solutions were isoosmotic, i.e. the total concentration of PEG and sugar was 300 mOsm. Unless otherwise stated, inhibitors were added only to the incubation solutions (controls contained the same volume of water or ethanol used to dissolve the inhibitor). Radiolabeled sugars were purchased from New England Nuclear. Specific radioactivities of sucrose, glucose, 3-OMG were 24.8, 10, and 10.9, GBq mmol -', in this order. After incubation, excess radioactivity from cut surfaces and cell wall free space was removed by washing the tissue three times, each time for a 3 min duration using 3 ml of the preincubation solution. Following the wash procedure, tissue was extracted overnight at 50°C in 1 ml 80% (v/v) ethanol after which 4 ml ofscintillation cocktail (Scinti Verse Bio HP, Fisher Scientific, Springfield, NJ) was added and radioactivity was measured as dpm in a 5801 Beckman scintillation counter. To manipulate the pH of the solutions, various nonpenetrating buffers (20 mM) were used in both preincubation and incubation media: MES (pH 4.5 and 5.5), MOPS (pH 6.5), Hepes (pH 7.5), and Tris (pH 8.5).
Proton Flux. Tissue was preincubated in aerated buffer-free base medium overnight (to reduce the internal sugar concentration). After washing the tissue with fresh solution, 0.5 g tissue was placed in a 4-ml vial containing 2 ml of a sugar and bufferfree base medium (pH 6.12) and a microstirbar on a stir plate. The pH of the media was continuously monitored using a combination pH microelectrode (Microelectrodes, Londonderry, NH) and recorder system until the solution pH was stabilized Sugar Efflux. Tissue was preincubated as previously described, then incubated (loaded) for 1 h in base medium containing 2 mM [14 C]-i-glucose (50 kBq ml-'). After two quick rinses (5 s each) tissue was washed with buffered solutions containing 0 or 50 mm unlabeled glucose for 4 h. Wash solutions were changed at various time intervals to monitor labeled glucose efflux. Each wash consisted of 3 ml which was collected and immediately counted. To determine radioactivity left in the tissue at each time, total radioactivity measured in wash solutions (up to that time point) was added to residual label left in the tissue at the end of the wash period.
All experiments were run in triplicate under ambient laboratory temperature (20C) and light conditions and were repeated at least twice. Specific variations in experiments are described in respective figure captions. Data presented in figures was calculated on a fresh weight basis.
RESULTS AND DISCUSSION Sugar Uptake. Phloem segments preferentially transported sucrose and mannitol, over other nonphloem sugars (Table I) . Rates of L-glucose uptake, a sugar known to cross cell membranes via diffusion (18) were comparable to those of glucose, fructose, and 3-OMG uptake, especially at higher sugar concentrations. At lower concentrations, however, due to the presence ofa carrier-mediated system (2) fructose, oglucose uptake rates were 3 to 5 times greater than that of L-glucose. Similar uptake rates for glucose, fructose, and L-glucose at high sugar concentration indicate that diffusion may have been the predominant mode of hexose uptake at these concentrations.
Temperature Effect. The linear component of the biphasic kinetics has been assumed to be the diffusional contribution to total uptake (13) . However, Lin (16) suggested that the linear component was a high Km, HW-co-transport system for sucrose uptake in soybean cotyledons. Therefore, it was of interest to determine the temperature response of the two uptake compo- (Fig. 1) . At this low temperature, the carrier-mediated component was inhibited to a much greater extent than the linear component. The calculated Effect of Inhibitors. Known inhibitors of sugar transport with various mode and/or site of action were used. PCMBS, a nonpenetrating sulfhydryl binding inhibitor, had no effect on glucose uptake rates (Fig. 2A) . Five uM CCCP, a penetrating metabolic replicates. Conditions were as described in "Materials and Methods." uptake. This possibility was tested by exposing the tissue to 5 JiM CCCP for 5, 10, 20, and 60 min. Inhibition of glucose uptake by CCCP increased progressively with time so that maximal inhibition occurred after 60 min (Table II) . Similar results were obtained with NEM (data not shown).
PCMBS, NEM, and CCCP are relatively nonspecific, causing uptake inhibition of many organic and inorganic solutes. In order to affect the glucose transporter in a more specific manner, the glucose-containing alkaloid, phlorizin, was used. Phlorizin is believed to competitively bind to the glucose carrier of plant cells (8) . However, despite its effectiveness as a competitive inhibitor, phlorizin is not readily transported across the plasmalemma in appreciable quantities (8) . When 3 mm phlorizin was added only to uptake solutions (1 h exposure), glucose uptake was only slightly inhibited. However, 3 h exposure to phlorizin (2 h preincubation and 1 h incubation) which presumably allowed the inhibitor to penetrate to the site of the carrier resulted in 30% inhibition of glucose uptake (Fig. 2B) . The delayed effects of phlorizin, CCCP, and NEM indicate that a glucose carrier was not present at the plasmalemma, because the inhibitors required time to reach their site of action.
Although CCCP inhibition is commonly interpreted as uptake dependence on metabolic energy and/or proton availability, it has sulthydryl binding properties as well (1 1). For example, Van Der Broek et al. (23) reported that facilitated diffusion of sorbose in Saccharomyces was inhibited by 100 uM CCCP, presumably due to its binding to the sulfhydryl groups on the carrier. We obtained two lines of evidence supporting the sulihydryl binding properties of CCCP in our tissue. Inhibition of glucose uptake by CCCP was prevented by addition of thiol-containing reagents such as dithiothreitol (DTT) and mercaptoethanol (Fig. 3) which, at 10 and 20 mM, respectively, provided excess thiol groups for CCCP binding (these reagents had no effect of their own on uptake). Moreover, glucose transport occurred at control levels when uptake was measured after CCCP has been washed from the tissue (Fig. 4) . These data indicated that CCCP-induced inhibition of glucose uptake cannot be interpreted as a sole and total requirement for metabolic energy (1 1).
pH Effect. Proton availability has a marked effect on sugar uptake of some systems (10, 17) . The response is believed to be due to the requirement of protons as co-transport substrate (1, 13) or to the effect of solution pH on the carrier protein itself (10) . Furthermore, solution pH was shown to have a dramatic effect on sucrose uptake in isolated phloem segments of celery, a tissue committed to sucrose accumulation via a H+-sucrose cotransport mechanism (3). To determine pH dependence, glucose uptake was compared to sucrose uptake at various pHs. Glucose transport remained relatively unchanged over a wide pH range (4.5-7.5) (Fig. 5) . As expected, sucrose uptake had a clear pH optimum (pH 5.5). At pH 8.5, both sucrose and glucose uptakes were negligible, possibly due to severe perturbation ofthe system. Insensitivity of glucose uptake to external pH, suggested that a H+-dependent glucose carrier may not have been exposed to and thus affected by the full four orders of magnitude difference in proton concentration since the buffers were nonpenetrating. Furthermore, if the glucose carrier is not at the plasmalemma, major changes in uptake would not be expected to occur because cytoplasmic pH does not change substantially despite dramatic changes in the external pH (17) . Another explanation for the small effect of pH on glucose uptake is that the transport system in this tissue may not be a H+-co-transport as observed in other tissues such as Riccia and corn (7, 12) . Therefore, a high concentration of protons would not be required for optimal uptake. This possibility was tested in various ways including manipulation of the H+-ATPase activity with fusicoccin (19) and turgor changes (4, 25) .
Proton Extrusion. The fungal toxin, FC is a potent enhancer of the plant H+-ATPase located at the plasmalemma (5) . If glucose uptake in this tissue is a H+-co-transport, enhanced uptake rates would be expected to occur in buffer-free solutions containing FC. At 2 to 10 uM, FC had no effect on glucose uptake (Fig. 6 ) (for simplicity, only the effect of 2.5 gM FC is presented). It should be noted, however, that 2.5 lSM FC caused a 50% enhancement of sucrose uptake in this tissue (4) .
Another treatment known to alter the activity of the H+-ATPase is cellular turgor (4, 25) . Sucrose and mannitol uptakes by phloem segments were enhanced under conditions of low turgor (300 mOsm) as compared to uptake rates at high cell turgor (50 mOsm) (4). The phenomenon was a pH-dependent response for these sugars so that low turgor-induced sucrose uptake was most pronounced in buffer-free solutions. When glucose uptake was determined under similar conditions no turgor-dependent change in uptake rates were observed (Table  III) , regardless of pH.
A strong line of evidence for the involvement of a H+-sugar co-transport is the sugar-induced rapid and transient alkalinization of the incubation solution (10, 14) . In contrast to sucrose (3) Facilitated diffusion ofglucose, commonly observed in animal systems (24) has not been clearly shown to occur in higher plants (13) . The data strongly suggest that the carrier-mediated transport of glucose was not a H+-co-transport and occurred at least partially by facilitated diffusion. Nevertheless, presence of other active transport mechanisms known to occur at the tonoplast, i.e. H+-antiport system (e.g. sucrose transport in sugarcane and sugar beet; 14 
